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Due to the scale effect, the uniform distribution of reagents in continuous flow reactor becomes bad when
the channel is enlarged to tens of millimeters. Microfluidic field strategy was proposed to produce high
mixing efficiency in large-scale channel. A 3D spiral baffle structure (3SBS) was designed and optimized
to form microfluidic field disturbed by continuous secondary flow in millimeter scale Y-shaped tube
mixer (YSTM). Enhancement effect of the 3SBS in liquid-liquid homogeneous chemical processes was
verified and evaluated through the combination of simulation and experiment. Compared with 1 mm
YSTM, 10 mm YSTM with 3SBS increased the treatment capacity by 100 times, shortened the basic com-
plete mixing time by 0.85 times, which proves the potential of microfluidic field strategy in enhancement
and scale-up of liquid-liquid homogeneous chemical process.
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1. Introduction

Chemical industry, plays a key role in promoting the progress of
human society [1,2]. However, chemical process in batch reactor
limits it from solving problems both classical and new, such as
poor selectivity, complex stepwise operation, wastes of resources,
poor reproducibility, and safety concerns. Continuous flow reactors
with scale no more than 1 mm have great potential in green and
smart chemical process [3,4]. Due to its precisely controlled reac-
tion parameter, rapid mixing and heat/mass transfer, and minimal
reagent consumption, microreactors have been widely used for
organic synthesis [5-7], microscale and nanoscale material prepa-
ration [8-11], pollutant extraction [12,13] and biomedical applica-
tions [14,15]. Recently, the demand for continuous flow reactors
for industrial production is increasing. However, due to competi-
tion mechanism between quality and yield, it is difficult to realize
industrial production with small size reactor.

At present, there are several ways to improve the output of con-
tinuous flow microreactor [16,17]. The first way is the increase of
the number of original micro reaction system directly through
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external parallel connection, by which each reaction unit is capable
of working alone and achieving high quality products [18,19].
However, the cost of this method is relatively high. The second
way is the realization of multi-channel high-throughput prepara-
tion by internal shunt without changing the number of supporting
hardware. This method has higher requirements for a uniform flow
distribution of reagents [20-22]. The third way is to enlarge the
pipe diameter or increase the fluid flow. In this way, the high mix-
ing efficiency of the reaction liquid needs to be realized in a larger
pipe diameter or higher flow rate [23-25]. Considering the equip-
ment cost and shunt technical difficulties, continuous flow reactor
with large diameter and high flow rate has potential in scale-up of
chemical process. Therefore, the chemical process intensification
technology based on larger diameter and high flow rate is in urgent
need of research.

Mixing efficiency of reaction reagents plays a significant role in
the liquid-liquid homogeneous chemical process [26-28]. Mixing
efficiency can be enhanced in small size reactors by optimizing
the channel structure, despite the absence of turbulence [29,30].
The molecular diffusion and chaotic advection of reagents can be
increased by an enhancement in the contact surface between the
fluids and a reduction in the mixing distance [31]. Until now, many
special structures, such as lamination based, obstacle based,
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curved-channel, convergence-divergence based, unsymmetrical
and droplet based, have been proposed for mixing enhancement
of microreactors by numerical and experimental investigations
[32-37]. However, detailed information concerning secondary flow
disturbance mechanism with continuous change of direction in
large scale reactor is still lacking.

In this study, the scale effect of Y-shaped tube mixer (YSTM)
will be studied to reveal the competition mechanism between dis-
tribution uniformity and treatment capacity. The microfluidic field
strategy is proposed and expected to achieve scale-up on the pre-
mise of ensuring high mixing efficiency in homogeneous chemical
process. The microfluidic field strategy will be adopted to enhance
and enlarge the continuous flow chemical process in a millimeter
scale YSTM. The secondary flow disturbance mechanism with con-
tinuous change of direction in large scale reactor will be studied,
and a 3D spiral baffle structure (3SBS) will be designed and opti-
mized. The enhancement effects of the microfluidic field strategy
will be verified by comparing with the diameter of 1 mm and stud-
ied by combination of computational fluid dynamics (CFD) numer-
ical simulation and validation experiment.

2. Methodology
2.1. Design of microfluidic field geometry model

Due to the centrifugal force, it will produce a pair of secondary
flow vortices with opposite rotation direction along the uneven
wall, which is called Goertler vortex [38]. In this work, 3SBS is
designed to induce the secondary flow of the Goertler vortex with
continuously changing direction, which has great potential to pro-
mote fluid mixing. The basic channel geometry in the present work
is a kind of YSTM, of which the internal fluid region is shown in
Fig. 1(a). The diameter and length of the mixer are indicated by
Dy and L, respectively.

In order to enhance the mixing efficiency in 10 mm YSTM, a
microfluidic field strategy is proposed in this study. The internal
fluid region and the geometry of 10 mm YSTM with 3SBS are
shown in Fig. 1(b) and (c). The 3SBS has four spiral baffle units,
and the spiral baffle unit is formed by rotating and stretching the
spiral plane on the radial section of the tube. The rotation angle
between the initial plane (IP) and the final plane (FP) is indicated
by 0;. The thickness and spiral baffle unit length of 3SBS are indi-
cated by a and L. The latter unit rotates 6, along the radial direc-
tion of the tube on the basis of the former unit. The detailed
geometry of 3SBS is shown in Fig. 1(d).

2.2. Governing equations

The flow laws of viscous fluid in tubes are governed by the fol-
lowing Navier-Stokes (N-S) equations including momentum bal-
ance equation, continuity equation and mass conservation
equation:

pu-Vyu+Vp—-nV-Vu=0 (1)
V-u=0 2)
V- (DVc)=u-Vc 3)

where u is the velocity vector, p is the fluid density, # is the
dynamic viscosity, and p is the pressure, c is the concentration, D
is diffusion coefficient.

2.3. Computational fluid dynamics simulation settings

The mixing performances were studied by numerical simula-
tion using ANSYS/FLUENT. The laminar flow model was used for

the simulations. The pressure-based solver and steady state calcu-
lation were adopted. The two inlets were set as velocity-inlet, and
the outlet was set as pressure-outlet, the rest faces were defined as
wall. The species transport model was adopted for the mixing pro-
cess. Liquid water with density of 1000 kg-m—> and viscosity of
0.001 kg-m~'.s7! was selected as the representative fluid. The
two inlets were injected with liquid water, and the mass fractions
were set to 0 and 1, respectively. The mass diffusivity coefficient
was set to 1.0 x 107° m?s~!. In the simulation, finite volume
method was adopt as the interpolation scheme. The convergence
criteria for all equations were 1073, After all the parameters were
set, initialize the calculations and start iteration, and when the iter-
ations converge, analyze the results. Intel Xeon Gold 5118 @
2.30 GHz with 12 cores and 48 GB RAM memory were used in
the numerical simulations.

The mixing performance of the fluids can be characterized by
the standard deviation of fluid concentration [39]. To establish
the quantitative standard of mixing uniformity suitable for any
flow velocity ratio, the standard deviation formula was modified
and normalized as follow [40]:

1 Ci — Crmix )2
M=1-,|< LT omix 4
\j N zl: <Cunmix — Crmix ( )

where M is the mixing efficiency index, N is the total number of
sampling points, ¢; is the mass fraction of the selected points, cmix
is the expected mass fraction of fluids after mixing, and cynmix iS
the initial mass fraction of fluids, respectively.

In multi-step liquid-liquid homogeneous chemical reactions,
the competitive behavior of chemical reactions and the yield of
chemical products are not only affected by the mixing efficiency,
but also by the time required to achieve high mixing efficiency.
The mixing time (t) of fluid in the channel can be calculated by
the following equation:

L
t= w (5)
where 1 is the total flow velocity, m-s~!, L is the total length of
mixer.

In order to further quantify the enhancement effect of 3SBS,
time and length required for efficient mixing of fluids are utilized
and calculated. When the fluid mixing efficiency reaches 0.9, it is
defined as basically complete mixing state. The time and length
of the fluid to reach the basic complete mixing state are tyo and
Loo respectively.

Furthermore, the treatment capacity (Q;) refers to the total vol-
ume of fluid flowing into the mixer from two inlets per unit time.
And it can be calculated by the following equation:

2
Qt:AT/t:nTDYUt (6)
where A is the radial sectional area of the inlet. The increase of Dy
and v is beneficial to the increase of Q..

2.4. Mesh independence testing

In this test, the mesh is divided by Mesh module in Workbench.
In order to determine the appropriate mesh size (Sy,) for simulation
of mixing efficiency, S, was gradually reduced. The total flow
velocity was fixed at 0.01 m-s~! and flow velocity ratio was fixed
at 1.The total lengths of mixing zone of YSTM with and without
3SBS were fixed at 110 mm. The maximum aspect ratio, minimum
orthogonal quality, and maximum skewness of the meshes are
55.1, 0.063 and 0.9, respectively. The detailed meshes of 10 mm
YSTM with and without 3SBS are shown in Fig. 2(a) and (b).

When S, is gradually reduced from 0.20 to 0.05, the number of
mesh gradually increases. For the 1 mm YSTM, the mixing effi-
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Fig. 1. (a) Internal fluid region of YSTM without 3SBS; (b) internal fluid region of YSTM with 3SBS; (c) channel geometry of YSTM with 3SBS; (d) geometry of 3SBS.

ciency of the radial section at 5 mm length is selected for the mesh
independence study. For the other mixers, the length is 30 mm.
After adjusting the elements of mesh, the results of mixing effi-
ciency index are shown in Fig. 2(c). With the increase of the ele-
ments of mesh, the mixing efficiency index and variation rate
decrease gradually. Considering the independence of the mesh
and the amount of computation, the optimal mesh elements of 1,
3, 5, 8, 10 mm YSTM without 3SBS and 10 mm YSTM with 3SBS
are determined as 1.12 x 10° 1.07 x 10°, 7.02 x 10°, 4.99 x 10°,
8.40 x 10° and 8.81 x 10°, respectively.

2.5. Validation experiments

2.5.1. Experimental setup

As shown in Fig. 3, the experimental setup in verification exper-
iments consists of two pumps (TYD01-01-CE, Baoding Leifu Fluid
Technology Co., Itd., China), the mixer and its connecting pipeline.
Due to its complex baffle structure, the mixer is fabricated by 3D
printing technology (Lite 600, Shanghai Union Technology Co.,
Itd., China). The mixer and pump are connected by PTFE pipe with
outer diameter of 3.2 mm and inner diameter of 1.6 mm. The mixer
and PTFE pipe are connected by M6 thread. The experiment was
carried out at 25 C.

2.5.2. Homogeneous experiment

The Villermaux-Dushman parallel competing reaction was used
to evaluate the homogeneous case. The chemical reaction equa-
tions are as follows:

H* + H,BO; — H3BO, (a)
51" 4 6H" +-10; — 3l + 3H,0 (b)
" + L=l (c)

The Villermaux-Dushman procedure implies the addition of a
small quantity of H to a mixture of iodate, iodide and borate ions.
The amount of H" added is in stoichiometric deficiency to make
sure reactions (a) and (b) will go in competition. In perfect mixing
conditions, the H* is immediately dispersed and consumed by the
instantaneous reaction (reaction (a)). When nonideal mixing con-
ditions occur, the mixing time is in the same range or higher than
the characteristic reaction time of reaction (b). A local overconcen-
tration of the H* will exist and the H* will react with iodide and
iodate to yield iodine. Due to the excess of iodide, all iodine is
transformed into triiodide according to reaction (c). Therefore,
the segregation index (X, as calculated by Eq. (7)) can be defined
as a quantitative indicator for mixing performance [35,41,42].

% B (VCIZ +Cl:,' ) (6C[0§ 0 +CH2 BO; ,0)

Xs=——=
YST nH+10 3C10; 0

(7)

where Y represents the ratio of the amount of H" consumed by reac-
tion (b) over the total amount of H* added to the solutions; Ysr rep-
resents the value of Y in the case of total segregation; V represents
the total volume of the solution; n represents the mole number; C
represents the mole concentration of the subscript species. If X;
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Fig. 2. (a) Mesh of 10 mm YSTM without 3SBS; (b) mesh of 10 mm YSTM with 3SBS;
(c) effects of mesh elements on mixing efficiency.

equals 1, the reaction solutions are completely segregated. While X,
equals 0, the reaction solutions are completely mixed.
The value of C;; can be calculated by:

Ac
G- ®)
where A, represents the absorbance of the solution under 353 nm-
wavelength UV; K is equal to 26047 L-mol ' [41].

After obtaining Gy, the value of C;, can be calculated by:

G
gci (2 C;,-Cr 0) Cuto=0 9)
where Kg is the equilibrium constant of reaction (c), and it equals
702 L-mol ! under 25 °C [41].

In the experimental process, the chemical agents including
H,S04, KI, KIOs, H3BO3 and NaOH were all at the analytical purity.
The initial concentrations of the reaction solution at inlet-1 and

inlet-2 are shown in Table 1 [41]. The reaction liquid flowing from
inlet-1 was diluted by 98% H,SO,4 solution. The reaction liquids
from inlet-2 were premixed before flowing into the reactor. After
the experiment, the absorbance of the solution was measured by
UV-Vis spectrometer (G10S UV-Vis, Thermo Fisher Scientific,
USA).

3. Results and Discussion
3.1. Scale effects of fluid flow in YSTM

In order to improve the capacity of the liquid-liquid homoge-
neous reactor, the effect of Dy on the mixing performance of YSTM
was studied. Reynolds number relates to the velocity, density and
viscosity of the fluids, and it is considered to be a more comprehen-
sive parameter to obtain a conclusive information for fluids mixing.
However, in this study, the viscosity and density of the fluids are
fixed. And if the Reynolds number remains constant, it means that
the total flow velocity of the mixer with small pipe diameter is
smaller. This is not conducive to the study of the scale effect of
YSTM under high capacity. Therefore, the total flow velocity is
fixed at 0.01 m-s~! and flow velocity ratio is fixed at 1. The length
is selected at 5, 30, 55, 80 and 105 mm, respectively. Through sim-
ulation, the mass fraction distribution of the fluid in YSTM is
obtained. Fig. 4(a) and (b) show the mass fraction distribution of
1 mm and 10 mm YSTM with various lengths. It can be clearly seen
that with the increase of the length, the mixing efficiency is
enhanced gradually. The reason is that with the increase of the
length, the fluids have more mixing time. For 1 mm, the fluid has
been almost completely mixed at the length of 30 mm. While for
10 mm, the mixing effect is still bad when the length is 105 mm.
Fig. 4(c) shows the effects of Dy on mixing efficiency. With the
increase of Dy, the mixing efficiency reduces gradually. The reason
is that with the increase of Dy, the diffusion distance of fluid
increases.

Fig. 4(d) shows the effects of t on mixing efficiency. With the
increase of t, the mixing efficiency is enhanced gradually. More-
over, the less time it takes to achieve near complete mixing when
the pipe diameter is smaller. For example, when Dy is 1 mm, the
mixing index at 1050 ms is 0.7038. While for 3 mm, it is 0.2904.
With the increase of Dy, the mass transfer distance between fluids
increases, and it takes longer time and longer channel length to
achieve efficient mixing. Additionally, the mixing efficiency of
10 mm YSTM at 105 mm is 0.1762, which means the mixing effi-
ciency is reduced by 75.0%. Therefore, there is a scale effect that
the mixing efficiency decreases with the increase of Dy in YSTM.

3.2. Microfluidic field strategy and enhancement mechanism

3.2.1. Microfluidic field strategy
Due to the scale effect, there is a competition mechanism
between mixing efficiency and treatment capacity in YSTM. When

=l _

Inlet-2

Mixer

—> UV spectrophotometry
Outlet

Mixer in water bath

Fig. 3. Experimental setup of the verification experiments.
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Table 1
The initial reaction solutions concentrations in the homogeneous case

Position Solution Concentration/mol-L™!
Inlet-1 H,S04 0.0350
Inlet-2 KI 0.0117

KIO; 0.0023

H3BO3 0.0909

NaOH 0.0909

Dy is 1 mm, YSTM has the low treatment, despite it has high mixing
efficiency. For 10 mm, it is opposite to that of 1 mm. Therefore, it is
necessary to enhance the mixing efficiency of YSTM with Dy of
10 mm to eliminate the scale effect. As shown in Fig. 5, microfluidic
field strategy is adopted to enhance and enlarge the continuous
flow chemical process, and 3SBS is embedded into the channel of
10 mm YSTM to form secondary flow disturbance. Under the
enhancement of the secondary flow disturbance caused by 3SBS,
the mixing efficiency in the channel of 10 mm YSTM is expected
to be comparable to that in the microscale channel. Finally, the
mixing efficiency and treatment capacity of the chemical process
will be both at a high level.

3.2.2. Enhancement mechanism of 3SBS

In this work, 3SBS is designed to induce the secondary flow of
the Goertler vortex [38] with continuously changing direction,
which has great potential to promote fluid mixing. In order to con-
firm the enhancement effect of 3SBS on mixing efficiency, velocity
streamlines of 10 mm YSTM without and with 3SBS are obtained,

259

M YSTM with 3SBS Dy=10 mm
YSTM Dy=1 mm

o m—

High mixing
efficiency

High mixing efficiency

Low t}-eatment Microfluidic High treatment capacity
capacity field strategy
to eliminate the

scale effect m

Scale effect

Low mixing efficiency
High treatment capacity

YSTM Dy=10 mm

&)

Fig. 5. Schematic diagram of microfluidic field strategy.

as shown in Fig. 6. For 10 mm YSTM without 3SBS, the main vortex
is formed on the boundary of two fluids, but with the increase of
flow distance, the intensity of vortex gradually decreases, which
will lead to the bad mixing efficiency. For 10 mm YSTM with
3SBS, the fluids moves along the spiral baffles, due to the centrifu-
gal force, which causes the streamline to bend along the helical
baffle. Compared with 10 mm YSTM without 3SBS, the velocity
streamline of 10 mm YSTM with 3SBS has more secondary flow
vortices produced on the radial equidistant section at the second

(a) Dy=1 mm

o L=5 mm L=30 mm L=55 mm L=80 mm L=105 mm
0.9
0.8
0.7
0.6
0.5
0.4 (b) Dy=10 mm
0.3 L=30 mm L=105 mm
0.2
0.1
0.0
© 0.8 (d) 0.8
—&— [=5 mm
—o— =30 mm
0.6+ —a&— =55 mm 0.6+
—w— L=80 mm
—&— L=105 mm
X 04 = 0.4
0.2 4 0.2 4
0.0 T T v T v T T T T 0.0 T T T v T T T T T
0 2 4 6 8 10 0 200 400 600 800 1000
D /mm t/ms

Fig. 4. Mass fraction distributions of the fluid in radial section of (a) 1 mm YSTM and (b) 10 mm YSTM. Effects of (c) Dy and (d) t on mixing efficiency.
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Fig. 6. Velocity streamline of global area, selected area and equidistant radial sections of (a)-(c¢) 1 mm YSTM and (d)-(f) 10 mm YSTM without 3SBS.

spiral baffle position, which is likely to promote the fluid mixing.
The fluids moves along the spiral baffles, and the streamline bends
along the helical baffle due to the centrifugal force. Furthermore,
the secondary flow vortexes with opposite rotation direction are
produced, and the position of secondary flow vortices are changing
constantly. It confirms that confinement of trajectories along the
spiral baffles induces counter rotating transversal flows. Therefore,
3SBS is considered to be a suitable structure for enhancing the mix-
ing efficiency in YSTM.

3.3. Enhancement effects of 3D spiral baffle structure

In order to verify the enhancement effect of liquid-liquid
homogeneous, the mixing efficiencies in 10 mm YSTM with and
without the optimal 3SBS are compared. The total length of the

mixing zone is fixed at 130 mm. The total flow velocity is fixed
at 0.01 m-s~! and flow velocity ratio is fixed at 1. The mass fraction
of liquid-2 on the radial section with axial length of 5, 30, 55, 80,
105 and 130 mm was selected as the research object. Through sim-
ulation, the mass fraction distribution of the fluids in YSTM with-
out 3SBS is obtained as shown in Fig. 7.

Compared with 10 mm YSTM without 3SBS, the mixing effi-
ciency of the fluids in the 10 mm YSTM with 3SBS is improved obvi-
ously at different radial sections. The improvement of mixing
efficiency of 10 mm YSTM is caused by the 3SBS with the structural
parameters of baffle thickness (a), torsion angle (01 ), length of spiral
baffle (Ls) and angle between baffles (0,). After adding baffle, the
equivalent diameter of YSTM is reduced. The increase of baffle thick-
ness leads to the decrease of equivalent diameter in the mixer and
the increase of extrusion strength of fluid pipe wall and baffle. The
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(c) Radial section of mixer without 3SBS

5 mm 30 mm 55 mm
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(d) Radial section of mixer with 3SBS

(a) Longitudinal section (b) Lpn gitu.dinal section
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5 mm 30 mm
80 mm 105 mm

Fig. 7. Mass fraction of liquid-2 on longitudinal section of 10 mm YSTM without 3SBS (a) and with 3SBS (b); radial sections of 10 mm YSTM without 3SBS (c¢) and with 3SBS
(d).

torsion angle makes the direction of secondary flow disturbance ral baffle and the angle between baffles determine the frequency
continuously changed. The torsion of the baffle unit effectively and direction of convective mass transfer. Therefore, the 3SBS can
enhances the convective mass transfer of the fluid. The length of spi- enhance the mixing efficiency of liquid-liquid homogeneous fluid.
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3.4. Structure optimization of 3SBS

The structure of 3SBS is determined by baffle thickness, torsion
angle, length of spiral baffle and angle between baffles, which are
likely to affect the liquid-liquid homogeneous chemical process.
In order to enhance the functional characteristics, the structure
of 10 mm YSTM with 3SBS is optimized with mixing efficiency as
the evaluation index.

3.4.1. Effects of baffle thickness on mixing efficiency

Firstly, the influence of baffle thickness on mixing efficiency is
studied. The total flow velocity is fixed at 0.01 m-s~' and flow
velocity ratio is fixed at 1. The torsion angle is fixed at 180°. The
baffle unit length is fixed at 25 mm. The baffle thickness is adjusted
to 1, 2, 3,4 and 5 mm, respectively. The results of mixing efficiency
in 10 mm YSTM with 3SBS at different baffle thickness are shown
in Fig. 8. It can be clearly seen that the mixing efficiency is
enhanced gradually with the increase of baffle thickness. When
baffle thickness is 1 mm, four baffle units fail to bring the fluid
to a basically complete mixing state. When baffle thickness is
2 mm or 3 mm, four baffle units are needed to achieve basically
complete mixing state, which takes about 1050 ms. While for
4 mm and 5 mm, three baffle units and approximately 800 ms
are needed. Compared with 4 mm, the mixing efficiency of YSTM

(a)

1.0
0.8
0.6

=
0.4 1
—=— /=30 mm

024 —&— [=55 mm

' —&— =80 mm

—w— L=105 mm
0.0 T v T v T v T v T
| 2 3 4 5
a/mm
(b)

1.04
0.8 1
0.6

=
0.4 1
0.2 1
—&—a=5mm
0.0 —7rtr - r - 1 - 1 1 1 1 1 ° 1
200 300 400 500 600 700 800 900 1000 1100

t/ms

Fig. 8. Effects of (a) baffle thickness and (b) mixing time on mixing efficiency with
variation of baffle thickness.

with baffle thickness of 5 mm has higher mixing efficiency. There-
fore, the optimal thickness of the baffle is considered to be 5 mm.

3.4.2. Effects of torsion angle on mixing efficiency

The second factor affecting the mixing efficiency is the torsion
angle. The total flow velocity is fixed at 0.01 m-s~' and flow veloc-
ity ratio is fixed at 1. The baffle thickness is fixed at 1 mm. The baf-
fle unit length is fixed at 25 mm. The angle between adjacent
baffles is fixed at 90°. The torsion angle is adjusted to 180°, 360°,
540° and 720°, respectively. The results of mixing efficiency in
10 mm YSTM with 3SBS at different torsion angle are shown in
Fig. 9. It can be clearly seen that the mixing efficiency first
increases and then decreases with the increase of torsion angle.
For 180°, four baffle units fail to achieve basically complete mixing.
For 360°, it has reached the state of basically complete mixing at
the third baffle, and the time needed is about 800 ms. For 540°
and 720°, four baffle units and approximately 1000 ms are needed.
The mixing efficiency reaches the highest when the torsion angle is
360°. When the adjacent baffle angle is fixed at 90°, the mixing
process of fluids can be divided into two parts, namely, the mixing
of fluids in one baffle unit and the mixing between adjacent baffle
units. Increasing the torsion angle is beneficial to strengthen the
mixing process in the baffle unit. Additionally, with the increase
of torsion angle, the curvature of fluid flow along the baffle
increases and more secondary flow vortices are produced, which

(a)

1.0

0.8 o

0.6

=

0.4 —&— /=30 mm
—&— L=55 mm
—&— =80 mm

0.2 —v— L=105 mm

0.0 T T T v T i T

180 360 540 720
6/(°)
(b)

1.0 4

0.8 1

0.6

=
0.4 —=— §=180°
—o— 6=360°
0.2 —A— §=540°
—v— 0=720°
0.0 T T T T T T T T
200 400 600 800 1000

t/ms

Fig. 9. Effects of (a) torsion angle and (b) mixing time on mixing efficiency with
variation of torsion angle.
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is beneficial to promote the mixing of fluid. However, it also leads
to the longer residence time of the fluid in the baffle unit, reduces
the frequency of strengthening the mixing process between adja-
cent baffles, and weakens the mixing of the fluid between adjacent
baffle units. This means that the mixing index first increases and
then decreases with the increase of torsion angle. Therefore, the
optimal torsion angle is selected as 360°.

3.4.3. Effects of the length of spiral baffle on mixing efficiency

The third factor affecting the mixing efficiency is the length of
spiral baffle. The total flow velocity is fixed at 0.01 m-s~! and flow
velocity ratio is fixed at 1. The baffle thickness is fixed at 3 mm. The
torsion angle is fixed at 180°. The length of spiral baffle is adjusted
to 5, 10, 20, 25 and 50 mm, respectively. The results of mixing effi-
ciency in 10 mm YSTM with 3SBS at different baffle unit lengths
are shown in Fig. 10. It can be clearly seen that the mixing effi-
ciency is reduced gradually with the increase of the length of spiral
baffle. When Lg is 50 mm, there are only two spiral baffle units in
the mixing area of 100 mm. Although the two helical baffles are
vertically staggered, the fluid failed to reach the state of complete
mixing. When L; is reduced to 25, 20, 10 and 5 mm, the number of
spiral baffles in 100 mm mixing area is 4, 5, 10 and 20 respectively.
When L is 5, 10, 20, 25 and 50 mm, the frequency of the vertical
cross direction is 20, 40, 50, 100 and 200, respectively. At the same
time or mixing length, increasing the number of vertical cross
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Fig. 10. (a) Effects of the length of spiral baffle on mixing efficiency and (b) effects
of mixing time on mixing efficiency with variation of the length of spiral baffle.

direction is beneficial to promote the mixing of fluid. Therefore,
the optimal length of spiral baffle is 5 mm in this work.

3.4.4. Effects of the angle between baffles on mixing efficiency

The last factor that affects the mixing efficiency is the angle
between baffles. The total flow velocity is fixed at 0.01 m-s~', the
flow velocity ratio is fixed at 1, the baffle thickness is fixed at
5 mm, and the baffle unit length is fixed at 25 mm. The results of
mixing efficiency in 10 mm YSTM with 3SBS with different angle
between baffles are shown in Fig. 11. The baffle angles are adjusted
to 0°, 45°,90° and 135°, respectively. It can be clearly seen that the
mixing efficiency increases and then decreases as the angle
between the baffles increases. The mixing efficiency reaches the
highest when the angle is 90°. For a baffle angle of 90°, the mixing
is almost complete at the second baffle and it takes about 550 ms.
For 45° and 135°, three baffle units and about 800 ms are needed.
For 0°, more baffle units and more time are required. As the angle
between the baffles increases, the secondary flow vortex generated
by the fluid flowing through the baffles also increases, but the sec-
ondary flow vortex generated gradually decreases when the angle
is greater than 90°. Therefore, the optimal angle between the baf-
fles is 90°.

After the above geometry optimization based on the mixing
efficiency, the baffle thickness, torsion angle, length of spiral baffle
and angle between baffles are determined as 5 mm, 360°, 5 mm
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Fig. 11. Effects of (a) angle between baffles and (b) mixing time on mixing
efficiency with variation of angle between baffles.
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N ]

Fig. 12. (a) The optimal geometry and (b) the internal fluid region of 10 mm YSTM
with 3SBS.

and 90°, respectively. The optimal geometry and the internal fluid
region of 10 mm YSTM with 3SBS are shown in Fig. 12.

3.5. Experimental verification

In order to verify the effect of microfluidic field strategy and the
results of simulation experiments, homogeneous verification
experiments were conducted. The Villermaux-Dushman parallel
competing reaction was used to evaluate the homogeneous case.
The flow velocity in the verification test is fixed at 0.01 m-s~'.
For the simulation, when the length of the mixer is long enough,
the fluid can be completely mixed at the outlet. In this case, it is
difficult to distinguish the mixing effect of different mixers simply
by the value of mixing efficiency. However, the time required for
different mixers to achieve basically complete mixing is different.
Therefore, tg ¢ can effectively quantify the mixing effect of the mix-
ers in the simulation. For homogeneous experiments, Xs means the
segregation index of the reaction. If the mixing efficiency is high,
the reaction with fast chemical reaction rate is more likely to occur.
Therefore, for the simulation results, the mixing efficiency of the
mixer was characterized by tg . While for the experimental results,
it was characterized by X;. Fig. 13 shows the ty9 and X; of YSTM
with different mixer structures.

For the simulation results, the shorter tyg means the higher
mixing efficiency. It indicates that tpg increases from 14360 ms
to 90680 ms when Dy increases from 1 mm to 10 mm. Compared
with YSTM without 3SBS, it is can be clearly seen that the time
required for the fluid to reach complete mixing are significantly
reduced after inserting the 3SBS in 10 mm YSTM. For the initial
10 mm YSTM with 3SBS, the mixing efficiency can be comparable
to that in the 1 mm YSTM without 3SBS, and tyq is reduced to
9290 ms, which is shorter than 1 mm YSTM without 3SBS. After
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Fig. 13. Comparison between YSTM structures on the ty9 obtained by simulation
(a) and X obtained by experiment (b).

optimizing the structure of 3SBS, tp9 is significantly reduced to
2580 ms, which is 18% of that of 1 mm YSTM. For the experimental
results, the smaller X; means the higher mixing efficiency. By the
comparison between 1 mm YSTM, 10 mm YSTM, 10 mm YSTM
with 3SBS before and after optimization, it can be clearly seen that
too and X have the same trend. Therefore, the homogeneous sim-
ulation can be proved by the experimental results, and the
microfluidic field strategy achieves scale-up on the premise of
ensuring high mixing efficiency.

4. Conclusions

There is a scale effect in YSTM that the mixing efficiency in
homogeneous chemical process decrease with the increase of Dy.
Compared with 1 mm YSTM, the diffusion distance of the fluid
becomes longer with the increase of the diameter of YSTM, which
leads to the lower mixing efficiency in 10 mm YSTM. Microfluidic
field strategy is adopted to enhance and enlarge the continuous
flow chemical process, and 3SBS is embedded into the channel of
YSTM, which leads to the formation of secondary flow disturbance
with continuous change of direction. Velocity streamline confirms
that confinement of trajectories along the spiral baffles induces
counter rotating transversal flows, and 3SBS is considered to be a
suitable structure for enhancing the mixing efficiency in YSTM.
Under the secondary flow disturbance caused by the 3SBS, the mix-
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ing efficiency in homogeneous chemical process can be obviously
enhanced. The 10 mm YSTM with 3SBS are optimized and the opti-
mal baffle thickness, torsion angle, length of spiral baffle and angle
between baffles are determined as 5 mm, 360°, 5 mm and 90°,
respectively. Compared to the 1 mm YSTM without 3SBS, 10 mm
YSTM with 3SBS increased the treatment capacity by 100 times,
shortened the basic complete mixing time by 0.85 times, which
proves the potential of microfluidic field strategy in chemical pro-
cesses scale-up. The main shortcoming of the current work is the
applicable flow velocity range. In this study, the total velocity of
the 10 mm mixer with 3SBS is not more than 0.01 m-s~'. The rea-
son is that it is difficult to realize the verification experiment at
higher flow rate in the laboratory. Additionally, the size of the
YSTM mixer is only enlarged to 10 mm. Therefore, in the future,
we will continue to increase the total flow velocity and expand
the size of the mixer to further improve the processing capacity.
All the findings reported provide useful references for enhance-
ment and scale up of liquid-liquid homogeneous by the way of
microfluidic field strategy.
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